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ABSTRACT
The Circumnuclear Disk (CND) is a torus of dust and molecular gas rotating about
the galactic centre and extending from approximately 1.6pc to 7pc from the central
massive black hole, SgrA*. Large Velocity Gradient modelling of the intensities of the
HCN 1-0, 3-2 and 4-3 transitions is used to infer hydrogen density and HCN optical
depth. From HCN observations we find the molecular hydrogen density ranges from
0.1 to 2 × 106 cm−3, about an order of magnitude less than inferred previously. The
1-0 line is weakly inverted with line-centre optical depth approx −0.1, in stark contrast
to earlier estimates of 4. The estimated mass of the ring is approximately 3 − 4 ×
105M⊙ consistent with estimates based on thermal dust emission. The tidal shear in
the disk implies that star formation is not expected to occur without some significant
triggering event.
Key words: galactic centre – circumnuclear – disk.
1 INTRODUCTION
The Circumnuclear Disk (CND) is a ring of gas and dust
located close to and around the Milky Way’s galactic cen-
tre. The CND was first discovered in IR continuum emis-
sion from dust at 30, 50 and 100µm using the Kuiper air-
borne observatory (Becklin et al. 1982). The CND appeared
as two lobes that were symmetrically located to the NE and
SW about SgrA∗ showing as 30µm emission close to the
galactic centre in a relatively dust-free central cavity. The
symmetry and orientation of the lobes suggested a ringlike
structure with a major axis approximately aligned with the
galactic plane. Observations of CO, CS and HCN subse-
quently led to the discovery of the CND rotating about the
galactic centre (Serabyn & Lacy 1985; Serabyn et al. 1986;
Guesten et al. 1987). The disk was found to have an inner
radius of 1.5 to 1.7pc and extend to 5pc in HCN and >7pc
in CO (Guesten et al. 1987); more recent observations have
detected HCN out to 7pc and CO up to 9pc from the galactic
centre. (Christopher et al. 2005; Oka et al. 2007, 2011).
The ring material orbits in the combined gravitational po-
tential of the central stellar cluster and the approx 4×106
M⊙ black hole SgrA
∗ with has a rotational velocity of
∼110 km s−1 between 2 to 5pc from the galactic centre
⋆ E-mail:ian.smith@mq.edu.au
(Ghez et al. 2005; Genzel et al. 2010). Lower velocities are
indicated by CII and CO(7-6) at radii > 4pc and higher
velocities, 130–140 km s−1, are indicated by HCN in the
North Eastern part of the ring at 2pc (Guesten et al. 1987).
Marshall et al. (1995) fitted a 3D rotating ring model to
HCN (4-3) and (3-2) data and inferred a flat velocity pro-
file, while noting that Harris et al. (1985) showed a velocity
fall off between 2 and 6 pc from the centre in the CO 7-6
line.
The disk is clumpy, with clump diameters varying from
0.14 to 0.43 pc and gas and dust rotating in a number
of kinematically distinct streams about the galactic centre
(Guesten et al. 1987; Jackson et al. 1993). The disk’s major
axis is aligned to a position angle of ∼ 25◦ and inclina-
tion of ∼ 70◦ to the plane of the sky. (Serabyn et al. 1986;
Jackson et al. 1993; Marshall et al. 1995). It was noted that
the rotation was perturbed in several ways with a large local
velocity dispersion throughout the disk. The position angle
changes with radius and in inclination with azimuthal an-
gle, i.e. the disk is warped. The perturbations together with
the disk’s clumpiness indicate a non-equilibrium configura-
tion with an age of only a few orbital periods (Guesten et al.
1987; Genzel 1989), i.e. ∼105 years.
The far infrared (FIR) continuum emission is well repre-
sented by thermal emission from dust at 20, 60 and 100K.
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Observations by Mezger et al. (1989) showed that warm
dust >60K accounts for only ∼10% of the total mass in the
CND and is located near the ionisation front of SgrA West.
Etxaluze et al. (2011) found the spectral energy distribution
for the FIR emission from dust in the CND was best repre-
sented by a continuum summing the contribution from dust
emission at temperatures of 90, 44.5 and 23K with the cold
component accounting for ∼ 3.2×104 M⊙ out of the esti-
mated total mass of ∼ 5×104 M⊙ in the central 2pc of the
CND and is similar to the findings of Mezger et al. (1989).
The remaining dust in the disk appears to be rather cold at
∼20K and similar to dust temperatures in clouds located in
the inner 100pc of the Galaxy (Pierce-Price et al. 2000).
Estimates of molecular hydrogen densities, n(H2), for
the clumps have progressively increased from 3×105 in
the 1980’s (Genzel 1989) to 105 and 0.4 to 5×106
(Jackson et al. 1993; Marr et al. 1993) then 3-4×107 cm−3
(Christopher et al. 2005). However (Genzel et al. 2010) has
raised questions about the molecular density of the CND’s
clumps and summarises the position by describing the two
prevailing scenarios as
(i) the original view of less dense (106cm−3) warm gas (>
100K) clumps which are tidally unstable with a transient
lifetime of ∼105 yr, or
(ii) the more recent idea of denser (107-108 cm−3) cool
gas (50-100K) residing in stable clumps with long lifetimes
∼107yr, that is long enough for the opportunity for star
formation from clump condensation.
Modelling by Sˇubr et al. (2009) of a coherently rotating
stellar ring within the CND shows that a CND mass of ∼ 106
M⊙ would destroy the stellar ring by gravitational torque
within its estimated lifetime of 6Myr, provided the inclina-
tion of the stellar ring varies by more than 5◦ from 90◦ with
respect to the inclination of the CND. Infra-red emission
from the dust in the CND has the characteristics of an opti-
cally thin medium and is further evidence for scenario one.
For an optically thick medium (scenario two) clumps would
appear as dark spots in an infra-red image (Mezger et al.
1996). To date there have been no recorded observations of
such dark spots. The dense 107 cm−3 hydrogen scenario
two, relies on observations of HCN 1-0 (Christopher et al.
2005) and HCN 4-3 (Montero-Castan˜o et al. 2009) which
conclude that the average size of 0.25pc and hydrogen den-
sity ∼108 cm−3 of the clumps can provide stability against
tidal forces and result in long lifetimes.
This paper uses a Large Velocity Gradient (LVG) model
to analyse the results from papers based on observations
of three HCN transitions, 1-0, 3-2 and 4-3, to support the
lower ∼106 cm−3, hydrogen density scenario and is arranged
as follows :-
• Section 2 establishes the properties and orientation of
the disk and its relation to surrounding features based on
publications of numerous authors.
• Section 3 describes how two groups of clumps observed
in the HCN 1-0,3-2 and 4-3 transitions and the HCO+ 1-0
transition are selected for analysis.
• Section 4 describes the LVG model used to analyse the
selected clumps.
• Section 5 reports the results of modelling the two groups
of clumps.
• Section 6 presents an analysis of the results for both
groups of clumps that shows an optically thin HCN 1-0 tran-
sition and a clump density of about 106cm−3 consistent with
the first scenario described above.
• Section 7 discusses the flaw in the argument presented
by Marr et al. (1993) that molecular gases with the same
kinetic temperature and share the same physical space have
equal excitation temperatures. This conjecture is then used
to argue an optically thick (4) H12CN 1-0 transition based
on the equality of the [H12CN]/[H13CN] abundance ratio to
the ratio of their respective optical depths.
• Section 8 concludes that the CND is an optically thin,
relatively low density gas ring which is likely to have a short
lifespan due to disruption by tidal shear forces generated by
the black hole and stellar material inside the inner radius of
the ring.
2 CND’S PHYSICAL PROPERTIES AND
RELATED OBJECTS
2.1 HCN(1-0) Clumps
Christopher et al. (2005) list twenty-six HCN (1-0) clumps,
labelled A-Z, with their size, central velocity, width and in-
tegrated flux. The criteria for a clump’s inclusion was that
it was a bright emission source which was isolated in po-
sition and velocity space. Their list is not exhaustive but
is a good representative sample containing the majority of
bright sources and a few lower emission sources. The sample
was also restricted to clumps in the CND, except for clumps
X and Y which are located in the linear filament which is a
feature adjacent to the north-western side of the CND.
We use the HCN(1-0) clumps catalogued by
Christopher et al. (2005) to determine the CND’s ori-
entation in the sky by deprojecting their RA and Dec
offsets from SgrA∗ see A2 to deprojected offsets with Eqn.
A2. The deprojected distances from SgrA∗ are compared
with those tabulated by Christopher et al. (2005) to confirm
that our CND model agreed with Christopher et al. (2005).
Figs. 1 (a) & (b) show the projected and deprojected views
of the CND.
A constant disk rotational velocity is used to predict clump
line of sight velocities for comparison with observed veloci-
ties to determine which clumps lie within the rotating disk.
The predicted line of sight (los) velocities for the ob-
served clumps are based on a constant rotational velocity
(110kms−1) for the disk and the clumps being located in
the mid plane. This model has been adopted by a number of
authors including Marshall et al. (1995) and Guesten et al.
(1987). In Harris et al. (1985) a decline in rotational veloc-
ity by a factor of 1.4 to 2 is assumed between a disk radius
of 2 to 6pc, which is consistent with a “Keplerian” (R−
1
2 )
decline. Here we adopt the flat velocity model on the basis
that the majority of clumps are within 2pc of SgrA∗ where
the rotational velocity is considered constant and that the
differences in los velocity produced by a declining rotational
c© 2012 RAS, MNRAS 000, 1–16
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velocity would be negligible in any case due to the small
variation in distances from SgrA∗. Velocities along the disk’s
radii and normal to the disk’s plane are assumed to be zero.
Fig 2 shows the comparison of predicted with observed los
velocities.
Christopher et al. (2005) list the PA of the CND’s pro-
jected major axis as 25◦ and the tilt of the disk’s axis of
rotation to the plane of the sky as varying between 50◦ and
75◦. We found that a PA of 25◦ and tilt angle of 60◦ pro-
duced calculated distances that agreed closely with the de-
projected clump distances of Christopher et al. (2005) and
so were adopted for this paper.
2.2 Water, Methanol and OH Masers
This subsection collates the positions of water (22
GHz) and methanol (44 GHz) masers in and around
the CND observed using the Green Bank telescope
(Yusef-Zadeh et al. 2008) and OH (1720 MHz) masers
from papers by Karlsson et al. (2003); Yusef-Zadeh et al.
(1999) based on VLA observations from 1986 to 2005 to-
gether with new observations by (Sjouwerman & Pihlstro¨m
2008). The maser positions are based on co-ordinates from
Sjouwerman & Pihlstro¨m (2008) and Yusef-Zadeh et al.
(2008) and are shown in Fig. 1.
The methanol masers identified by Yusef-Zadeh et al.
(2008) near clumps F, G and V are marked by green squares
on Figs. 1 and 2. Both the projected and deprojected plots
confirm the masers are in the vicinity of their respective
clumps and their observed los velocities are within 10km
s−1 of their respective clumps. The masers near clumps F
and G are part of a group of eight methanol masers that are
on the eastern side of the CND, while clump V is close to the
inner western edge of the CND and is a site of shocked H2
emission. A red shifted wing of HCN emission from clump
V in the direction of the methanol maser could be the sig-
nature of a classic one sided outflow as occurs in star form-
ing regions (Mehringer & Menten 1997). Yusef-Zadeh et al.
(2008) propose that the Class I Methanol masers close to
the three HCN clumps are evidence of protostars about 104
years after gravitational collapse. Water masers (red crosses)
were found close to clumps B-Z, D, E, F, O and W.
Sjouwerman & Pihlstro¨m (2008) identified OHmasers near
clumps B and N (cyan diamonds in Figs. 1(a) and (b) and 2).
The two masers in the NW lobe have highly positive los ve-
locities of +132km s−1 which closely match the observed los
velocity of +139kms−1 for clump B. The masers near clump
N have highly negative los velocities, –141 and –132km s−1,
compared with –64km s−1 for clump N so appear unrelated
to this clump while associated with the two masers in the
NW lobe. Two other OH masers with los velocities of –104
and –117km s−1 lie about a parsec outside clump O which
has a los velocity of –108 km s−1 and could be in the same
rotating stream. We agree with Sjouwerman & Pihlstro¨m
(2008) that the high velocities together with their symmetry
of positive and negative values indicate that these masers are
rotating in the CND structure and that the source of exci-
tation is collisions of CND clumps and is not related to the
supernova shell of SgrA East. The clump of OH masers SE
of the CND are an indication of interaction between the ex-
panding supernova shell and the +50km s−1 molecular gas
cloud.
2.3 HCN Clump and Maser Positions and Line of
Sight Velocities
Fig. 2 shows predicted los velocity curves based on combi-
nations of PA (clockwise from East) 60◦ and 70◦ and incli-
nation angles of the disk’s axis of rotation, 60◦ and 75◦ to
produce an envelope of curves that constrain the range of
predicted los velocity values. The clump positions and ob-
served los velocities are superimposed for comparison with
the curves and an assessment made as to the likelihood of
particular clumps being located in the disk.
The right hand plot of Fig. 1 indicates that only five clumps
(F, G, X, Y and Z) lie outside a distance of 2pc from SgrA∗
and eight clumps (A, J, P, K, S, U, V and W) lie within
1.6pc from SgrA∗. Six of the clumps, (A, C, D, E, F and Z),
are located in the NE section of the ring and nine clumps,
(J, K, L, M, N, O, P, Q and R) are in the SW section. This
indicates that most of the detected HCN clumps are located
in the inner section of the CND (i.e. within 2pc of SgrA∗).
Fig. 2 shows that the los velocities of eight clumps (B, H,
S, T, U, V, X and Y) have discrepancies with model predic-
tions, in excess of 35km s−1. All these clumps, except U and
V, lie between ∼ 1.6 and 3.5pc from SgrA∗. Five clumps (H,
S, T, U and V) are located within a deprojected distance of
∼ 1.6pc of SgrA∗ and may be influenced by the movement
of ionised gas in the western arm of the mini-spiral which
has positive los velocities at these positions see Zhao et al.
(2009) in contrast to the observed mainly negative veloc-
ities of these clumps by Christopher et al. (2005). Clumps
X and Y are located in the linear filament that is located
adjacent to the NW section of the CND. Clump B is lo-
cated in the Northern Lobe close to the ring’s northern gap.
The Northern Arm of the mini spiral is in the vicinity about
0.2pc to the west and 0.3pc to the South. Elements N1 and
N2 of this feature have observed los velocities of +78 and
+100 km s−1 respectively, see Table 3 of Zhao et al. (2009),
compared to the observed +139 km s−1 for clump B. As-
suming clump B and the two methanol masers are part of
the CND requires that they be located in a CND streamer
circulating at a much higher rotational velocity (∼ 150 km
s−1) than the average 110 km s−1. clumps F and G are two
outlier clumps at deprojected distances more than 3pc east
of the galactic centre and some 2pc inside the NE group
of methanol masers reported by Sjouwerman & Pihlstro¨m
(2008) as marking the shock front of the SgrA East super-
nova remnant (SNR) shell.
Following the above considerations clumps D,I,M,O,P,W
and Z were then selected for analysis using the LVG model.
c© 2012 RAS, MNRAS 000, 1–16
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Figure 1. a) is the sky view of CND HCN(1-0) clumps (A to Z), water, methanol and OH masers positions
relative to the origin SgrA∗. X and Y axes oriented in direction of increasing RA and Dec (J2000).
b) is the deprojected view of HCN(1-0) clumps and masers and lie in the disk’s plane. Masers are only
plotted where the deprojected distances from SgrA∗ are less than 4pc and their observed los velocities are
compatible with CND los velocities.
3 SELECTION OF HCN CLUMPS FOR
ANALYSIS
LVG analysis is complicated by the lack of data for multi
transitions of a trace molecule from a single source. Data
for sources that is available has different spatial resolutions
since it has been observed with different telescopes at differ-
ent wavelengths. The analysis relies on modelling emission
from three transition levels to produce reliable HCN column
densities, hydrogen densities and opacities for the clumps.
A literature review led to a choice of two groups of clumps
that had been observed in multiple transitions of HCN and
that were physically and kinematically related.
The first group of five clumps were collated and labelled A
to E by Marr et al. (1993) who observed clumps in H13CN
1-0 and HCO+ 1-0 and H12CN 1-0 (Guesten et al. 1987)
channel maps were convolved with a 12×12 Gaussian beam
before extracting spectra to allow direct comparison with
HCN 3-2 (Jackson et al. 1993) spectra. All the data was
produced from unresolved images but had a consistent set
of related intensities, spatial and kinematic properties which
were modelled by Marr et al. (1993). Our modelling is in
effect a re-evaluation of the earlier analysis.
Marr et al. (1993) indicate the rms uncertainties for
H12CN, H13CN and HCO+ brightness temperatures are
0.2K which represents an uncertainty for peak brightness
temperatures ranging from 4 to 20%. The peak bright-
ness temperatures for HCN 3-2 sourced from Jackson et al.
(1993) have a 30% uncertainty.
The dilution factors for clumps A to E were calculated
using their corresponding Christopher et al. (2005) clump
sizes divided by the 12×12 beam of the telescope used
for the HCN 3-2 Jackson et al. (1993) observations. Clump
D is not apparent in the 3-2 observations so the average
Christopher et al. (2005) clump size of 0.25pc was used to
calculate its dilution factor. The dilution factors for the
clumps were used to convert the observed peak brightness
temperatures in Table 1 of Marr et al. (1993) to resolved
temperatures in Table 1.
We selected the second group of seven clumps, labelled D,
I, M, O, P, W and Z by Christopher et al. (2005) by compar-
ing locations and their central velocities listed in three sepa-
rate papers that described observations in three HCN tran-
sitions and the HCO+(1-0) transition (Christopher et al.
2005; Montero-Castan˜o et al. 2009; Jackson et al. 1993).
The velocity integrated HCN and HCO+ fluxes from
Christopher et al. (2005) have an estimated uncer-
tainty of 10%, HCN 4-3 integrated intensities from
(Montero-Castan˜o et al. 2009) have an estimated uncer-
tainty of 0.4K based on the 0.5Jy cut off for the integrated
c© 2012 RAS, MNRAS 000, 1–16
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Figure 2. Plots of predicted line of sight velocities generated by varying the PA of the disk’s major axis , φ, and its
inclination α. As listed in the figure’s legend, rotational velocities of 105 and 115 km s−1 were adopted as the upper and
lower limits bracketing 110 km s−1 (see Table A1) . Increasing PA shifts the curve horizontally to the left. Increasing
the tilt angle increases the peak value of the los velocity. The observed los velocities of HCN(1-0)clumps (A to Z) by
(Christopher et al. 2005), water, methanol and OH masers are also plotted.
map, equating to about 10% for the peak brightness
temperatures. The HCN 3-2 data is the same as used for
the first group of clumps. For each transition we estimate
a further 5% uncertainty is due to the extraction of peak
brightness temperatures from the published spectra.
Four of the seven objects, i.e. clumps D, M, W and Z,
have the strongest velocity space correlation and are un-
doubtedly clumps observed in multiple HCN transitions.
Clumps I and O have anomalous central velocities in the
3-2 transition. These observations have been included on
the basis that the spectra are unresolved, which can leave
greater room for discrepancies and were based on visual
inspection of the Jackson et al. (1993) figures. Clump P
has a lower central velocity in the HCN(4-3) transition,
but has been included on the basis that it was one of the
clumps matched by Montero-Castan˜o et al. (2009) with the
HCN(1-0) observations by Christopher et al. (2005). Fig. 7
in Montero-Castan˜o et al. (2009) shows the (1-0) and (4-3)
spectra with double peaks and absorption occurs between
the peaks in the (1-0) spectrum which can explain the dis-
crepancies (see Table 2). The larger peak intensity value was
used where twin peaks occurred together with the published
FWHM spectral widths. All clumps were selected to provide
a representative sample through the ring.
It should be noted that central velocities were only quan-
tified by Christopher et al. (2005) in Table 2 of their paper
for the (1-0) transition. Central velocities for the (3-2) and
(4-3) transitions were estimated from the spectra in the rel-
evant papers. Line widths were listed for the (1-0) and (4-3)
transitions but had to be estimated for the (3-2) transition.
The (3-2) transition spectral widths are large, due in some
measure to the larger telescope beam size (12
′′
).
Table 2 and Fig. 3 show nine clumps with the observations
in three HCN transitions located in reasonable proximity of
one another together with the offsets from SgrA∗ in parsecs
for the transition observations. Seven of these nine clumps
(D, I, M, O, P, W and Z) have their different transition
observations within 7 arcseconds and generally within 2.6
arcsecs of their mean location and the emission can be re-
garded as arising from the same clump especially given that
the uncertainty of the positions of the HCN(3-2) clumps
are ±0.25pc or 6.5 arcsecs due to the telescope’s beam size.
Clumps H and L have the (1-0) and (4-3) transitions in close
proximity but the (3-2) transition is too distant to be from
the same clump. For convenience the clumps chosen for anal-
ysis are referred to by the labels given in Christopher et al.
(2005).
Four clumps (A, B, C and E) from the first group are in
common with clumps (D, W, Z and O) of the second group,
allowing a comparison between the results. Our results and
c© 2012 RAS, MNRAS 000, 1–16
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Table 1. Properties of 1st Clump Group
Clump Tracer Resolved Central Line Width Dilution Maximum Brightness
Labelsa Labelsb Diameter Velocity dV Factor Temperature Tb
Observed Resolved
pc kms−1 kms−1 K K
A D H12CN 0.17 102 50 0.093 3.6 39
HCO+ 3.4 37
H13CN 0.8 9
HCN 3-2 4.4 47
B W H12CN 0.27 65 60 0.234 4.8 21
HCO+ 3.4 14.5
H13CN 1.3 5.6
C Z H12CN 0.24 55 60 0.185 2.9 16
HCO+ 3.0 16
H13CN 1.3 7
HCN 3-2 2.5 13.5
D na H12CN 0.25 85 75 0.200 3.0 15
HCO+ 61.0 5
H13CN 0.7 3.5
HCN 3-2 2.1 10.5
E O H12CN 0.33 -96 88 0.349 4.4 12.6
HCO+ 2.2 6.3
H13CN 0.7 2.0
HCN 3-2 5.0 14.3
a clump IDs from Marr et al. (1993)
b clump IDs from Christopher et al. (2005)
Table 2. Properties of 2nd Clump Group
HCN clump Central Velocity FWHM Position rel to SgrA∗
km s−1 km s−1 ∆X ∆Y
(1-0)a (4-3)b (1-0) (3-2) (4-3)c (1-0) (3-2)d (4-3) pc pc
D A 101 100 110 45.5 80.0 38.5 1.09 1.32
I AA -18 -50 -25 15.0 80.0 49.5 0.83 -0.38
M U -64 -50 -50 19.0 75.0 47.0 -0.21 -1.49
O Q -108 -70 -90 36.5 90.0 51.0 -0.81 -1.41
P N -73 -75 -40 28.2 75.0 97.0 -0.81 -0.86
W F 56 45 50 27.9 45.0 40.0 -0.33 0.88
Z E 58 50 40 39.6 50.0 55.0 -0.10 1.54
a clump IDs from Christopher et al. (2005)
b clump IDs from Montero-Castan˜o et al. (2009)
c Estimates from spectra presented in papers
conclusions are based on observations of the second group
of clumps which are largely resolved.
4 LVG MODELLING
In this section, we use a Large Velocity Gradient model to
simultaneously fit HCN and HCO+ peak line intensities in
order to infer hydrogen number densities, optical depths and
the column densities of HCN and HCO+ in the CND clumps.
Data for the two HCN clump groups selected from Section
3 are analysed. We adopted an ortho to para hydrogen ratio
of 3:1 as well as a [He]/[H] ratio of 0.1.
Molecular data for HCN (Green & Thaddeus 1974) and
HCO+ (Flower 1999) was sourced from the Leiden Atomic
and Molecular Database (LAMDA)1. This data included ex-
1 URL http//:www.strw.leidenuniv.nl/˜ moldata
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are marked with black diamonds and have black labels used
for Marr et al. (1993) clumps. The location of the second
clump group transitions are marked with their respective sym-
bols as shown in the legend and have blue labels used for
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citation level information, Einstein A coefficients and colli-
sion rates for a range of kinetic temperatures and formed
part of the input to the LVG code used to analyse the ob-
servations. We do not use the HCN database with hyperfine
lines in the 1-0 transition as the high degree of overlap of the
hyperfine spectra combined with the large velocity width of
the observations produce no significant difference from the
data set using the single 1-0 transition.
Electron collisions with HCN were not included in our anal-
ysis because the estimated low electron fraction of 6 10−7,
corresponding to a hydrogen molecular density of 106cm−3,
would contribute only a small percentage of the total inten-
sity. Given the high column density of the cloud, the ionisa-
tion fraction is not expected to exceed 10−7 whereas signifi-
cant effects would require the fraction to be ∼10−5. Figures
8a & b from Sternberg & Dalgarno (1995) support this as-
sumption of low ionisation fraction for galactic centre clouds
which have an Av of ∼27. The cosmic ray ionisation rate
would need to be in excess of 5× 10−13 s−1 H−1 in order to
raise the electron abundance to the point that electron col-
lisions are competitive. This is unlikely but may be achiev-
able in the close vicinity of a supernova shock wave, and
the circumnuclear ring may be disturbed by the expansion
of the Sgr A East supernova remnant (Yusef-Zadeh et al.
2001; Lee et al. 2008).
We checked our LVG code with the RADEX code which
uses the same molecular database for less than a 0.5% dif-
ference in results, which shows a strong agreement between
the two models, given there are presumably differences in
radiation fields and allowances for dust emission.
150K was chosen as the fiducial value for the gas tempera-
ture for modelling as this was midway between 250K, chosen
by Marr et al. (1993) and 50K, used by Christopher et al.
(2005). We look at the effect of varying the kinetic temper-
ature in Sections 5.1 and 5.2.
Christopher et al. (2005) quoted dust temperatures vary-
ing from 20 to 80K and adopted 50K and an Av extinction
of 30 in their calculations. Genzel (1989) quoted dust tem-
peratures between 50 and 90K. Mezger et al. (1989) indi-
cates that cold dust (20K) within the CND accounts for ∼
90% of the 1.3mm dust emission Wade et al. (1987) found
a uniform extinction of ∼ 27 towards the central 0
′
.5 of the
galactic centre. We adopt a dust temperature of 75K and AV
= 26.9 , which is calculated by extrapolating an observed in-
tensity of 2×1011 Jy at 100µm Becklin et al. (1982) to the
equivalent intensity at 1.3mm and calculating its associated
optical depth which is converted using data provided by
Draine & Lee (1984). We found the model proved insensi-
tive to variation of these parameters because the emission
frequencies of the molecular tracers are on the low frequency
tail of the dust’s IR emission spectrum.
Intensities for the first group of clumps are expressed as re-
solved peak brightness temperatures obtained by applying
dilution factors, which are based on on the FWHM clump di-
ameters listed in Table 2 of Christopher et al. (2005), to the
observed radiation temperatures, TR = Iνc
2/2k ν2, listed in
Table 1 of Marr et al. (1993). See Table 1 for details.
Peak brightness temperatures 2 for the second group were
derived by applying the Rayleigh Jeans formula to inte-
grated intensities from Christopher et al. (2005) for the 1-
0 and Montero-Castan˜o et al. (2009) for the 4-3 transition.
Peak brightness temperatures for the 3-2 transition were es-
timated from spectra in Jackson et al. (1993) and corrected
with a dilution factor of 0.2, based on an average FWHM
clump size of 6
′′
.45 and a telescope beam size of 12
′′
× 12
′′
.
Each molecule was modelled by starting with local ther-
mal equilibrium (LTE) conditions by choosing a sufficiently
high hydrogen number density (1012 cm−3), then for each
increasing value (dex 0.1) of HCN column density from 1012
to 1018 cm−2 the hydrogen number density was decreased in
steps of (dex 0.1) to 103 cm−3. The model intensities were
plotted as contours on a log-log plot of HCN column den-
sity per unit line width at FWHM as abscissa, Ncol/dV, (
cm−2/(km s−1)) and hydrogen number density as ordinate,
n(H) (cm−3) . The hydrogen number density and the HCN
1-0 column density per unit line width were inferred from
the average of the intersection points of the brightness con-
tours of the four molecular tracers plotted for each clump.
The tracers for Group 1 were H12CN, H13CN , HCO+ and
2 This paper uses brightness to mean radiation temperature as
defined above not based on the Planck function
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HCN 3-2 while HCN 1-0, HCN 3-2, HCN 4-3 and HCO+ 1-0
were used for Group 2.
5 RESULTS
5.1 Group 1 Clumps
Table 3 summarises the results from modelling the
Group 1 clumps based on observations of H12CN 1-
0 by Guesten et al. (1987), H13CN 1-0 and HCO+ 1-0
byMarr et al. (1993) and HCN 3-2 by Jackson et al. (1993).
The hydrogen densities varied from 0.5 to 0.9×106 cm−3 and
HCN column per unit line width varied from 0.3 to 1.3×1014
cm−2kms−1. Corresponding densities were also recorded for
the intersection of the H12CN and H13CN intensity contours
which produced lower hydrogen densities (0.2 to 0.4×106
cm−3) and higher HCN column per line densities (0.3 to
1.8×1014 cm−2kms−1). Table 4 lists the derived parameters
for clump A, at the intersection of the H12CN and H13CN
intensity contours for both 150 and 250K gas tempera-
ture. The sensitivity to gas temperature shows excitation
temperatures at 250K increased for H12CN (190%),HCO+
(30%)and HCN 3-2 (105%) but decreased for H13CN (24%),
while optical depths decreased for all tracers H12CN (80%),
H13CN (17%), HCO+ (31%) and HCN 3-2 (180%).
The effect of varying the [12C/13C] ratio, ZC , is shown in
Fig. 4 where the brightness contour for H13CN shifts to the
left with decreasing ZC values. At ZC = 7 the H
13CN bright-
ness temperature contour passes through the average of the
intersection points and indicates that this is a more repre-
sentative ZC value for conditions in the CND than the range
of 11 to 28 adapted by Marr et al. (1993).
Table 4 lists the model parameters for clump A, at the
intersection of the H12CN and H13CN brightness contours.
Fig. 4 Panel(a): for a gas temperature of T = 150K shows
this point occurs at a lower hydrogen density, higher HCN
column density per line width and larger optical depths
than the average values obtained for the average intersec-
tion point of the HCN transitions, listed in Table 3. Similar
values are evident for a gas temperature of 250K. At these
points the molecular hydrogen number density n(H2) is typ-
ically 0.4 to 0.25× 106cm−3, which about a half to a fifth
of the densities for the average of intersection point val-
ues obtained above and the density of 106cm−3 inferred by
Marr et al. (1993).
The optical depths at the average point of intersection of in-
dividual trace molecules produced optically thin conditions
for the 1-0 transitions of H12CN, H13CN and HCO+ and op-
tically thick conditions for the 3-2 transition of HCN. Fur-
ther the 1-0 transitions of H12CN (-0.3 to -0.9) and HCO+
(-0.3 to -1.1) were weakly inverted, the optical depth of the
1-0 transition of H13CN (-0.3) for Clump A is also weakly
inverted.
Panel (c) of Fig. 4 for Clump A shows contours of H12CN
opacity calculated using H12CN and H13CN peak brightness
temperatures from Molex substituted into Eqn 3 and pro-
duces optical depths ranging from 1.0 to 2.0 for a [C12]/[C13]
ratio ZC = 11, which is the minimum ratio value consid-
ered by Marr et al. (1993). They proposed that a consistent
model for CND clumps of ≈ 0.1pc diameter and [HCN]/[H2]
ratio ≈ 0.8×10−8 required assuming values for HCN 1-0 op-
tical depth of 4, a gas temperature of 250K and a molecular
hydrogen density of ≈2.6 × 106 cm−3. Eqn 3 For clump
A, produces a H12CN optical depth of 3.4 (150K)and 3.0
(250K) (see Table 4) compared with their value for optical
thickness of 4.
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Figure 4. LVG results for Clump A of the first group. The lesser
abundant HCO+ and H13CN, were modelled over a lower range
of column densities and plotting consistency with H12CN plots
maintained by multiplying their column densities per line width
by the appropriate abundance ratio to convert them to equiva-
lent H12CN column densities which were then divided by their
relevant line width.
Panel (a) shows brightness temperature contours for H12CN,
H13CN, HCO+ all (1-0) and HCN(3-2). H13CN with ZC = 7
(chain dotted) and ZC = 28 (dashed) and HCO
+ with ZO+ = 0.4
(dashed) contours are also plotted. The average intersection point
of the species is lognh = 6.25, log(Nmol/dV) = 14.15 with the in-
tersection of the H12/H13 contours at log(nh) = 5.9, logNMol/dV)
= 14.25. Panel (b) shows optical depth contours for the tracers.
One abundance for both H13CN and HCO+ are plotted as indi-
cated for clarity. H12CN, H13CN and HCO+ are optically thin
with inverted transition populations, and HCN(3-2) is optically
thick with τ ∼ 1.3. Panel (c) shows the optical depth con-
tours of H12CN calculated using brightness temperatures for
H12CN and H13CN from Molex and a [12C]/[13C] abundance
ratio, Z = 11. τ12 ∼ 1 at the average intersection point and
∼ 2.0 for the closest point of approach of the H12CN &
H13CN brightness contours.
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5.2 Group 2 Clumps
The results for these seven clumps, labelled D, I, M, N, O,
P, W and Z after Christopher et al. (2005), were obtained by
averaging the values of intersection points of pairs of species
and are summarised in Table 5. The molecular hydrogen
densities range from n(H2) 0.8 (clump I) to 1.6 (clump M)
×106cm−3 for a gas temperature of 150K; these are less
than a quarter to a half of the values for the optically thin
scenario of Christopher et al. (2005) for the HCN(1-0) tran-
sition. Modelling clumps D and M with a gas temperature of
50K produces a density, n(H2), of 4.0×106cm−3 (see Table
5).
Table 5 summarises the results for optical depth for the
seven clumps where the HCN(1-0) and HCO+(1-0) tran-
sitions indicate the presence of stimulated emission with
negative excitation temperatures and opacities ranging from
−0.5 to −0.25 for 150K and about 0 for 50K. The HCN(3-
2) opacities range from 1.1 to 2.0 and for HCN(4-3) from
1.0 to 2.6.
The HCN column and molecular hydrogen number den-
sities were obtained from averaging the values of the in-
tersection points of the HCN(1-0) brightness contour with
each of the other contours. For example in Fig. 6 for clump
W the intersection of HCN(1-0), HCN(4-3) and HCO+(1-0)
was the lower point at logNcol/δV = 13.2 and lognh = 6.1,
with the intersection of HCN(1-0) and (3-2) the upper point
at log(Nmol/dV) = 13.4 and lognH = 6.6. The result is an
average Column density/δV of 2 × 1013 cm−2 and hydro-
gen density of 0.9 × 106 cm−3. It should be noted that the
lower limit curve of 12.6 K for the (3-2) transition provides
a tighter intersection envelope and slightly lower values for
both HCN column and hydrogen number densities.
6 ANALYSIS
In the first group of five clumps, Marr et al. (1993) used
a statistical equilibrium excitation model for HCN with
values for gas temperature ranging from 150 to 450K, a
dust temperature of 75K, optical depths from 1 to 12
and [HCN]/[H2] ratios between 6× 10
−9 and 3×10−6. The
[12C]/[13C] ratio (ZC) was assumed to vary between 10 and
40 while noting that previous estimates varied from 11 (in
SgrB2 (Mangum et al. 1988)) to 28 ( in the galactic centre
(Wannier 1989)).
Fig. 4 Panel (a) shows brightness contours for clump A with
alternative abundance ratios ZC ≡ [H
12CN]/[H13CN] = 7
and 28 and ZO ≡ [HCO
+]/[HCN] = 0.4 as dashed contours.
The alternative ratios of ZC = 28 and ZO+ = 0.4 do not
provide a consistent intersection with the H12CN contour.
The contours for ZC = 7 and ZO+ = 0.4 do intersect the
H12CN contour but at a lower hydrogen density value than
for ZC = 11 and ZO+ = 0.74 which led to the adoption of Z
= 11C and ZO+ = 0.74 for the other clump plots. It should
also be noted that the intersection area for all tracers is not
representative of the intersection points of the H12CN and
H13CN brightness contours, which occur at higher column
density per line width (NColδV) values ranging from 0.3 to
1.8×1014 cm−2kms−1 and lower Hydrogen density values of
0.13 to 0.4×106cm−3.
The effect of changing the ZC abundance ratio is shown in
Fig. 4 Panel(a) where the relevant brightness contours shift
to the left as the ratio decreases. This is especially noticeable
for the [C12]/[C13 ] = 7 curve where the contour falls within
the intersection points of the other three species. Similarly,
a reduction in the brightness temperature shifts the contour
to the left.
The second group of seven HCN clumps provided a good
representative sample of CND conditions as they are spread
throughout the ring. Clump D is in the North East, clump
I is in the East, clump M is in the South, clumps O & P are
in the South West and clumps W & Z are in the North (see
Fig. 3).
The accuracy of the HCN(3-2) peak brightness tempera-
tures is stated by Jackson et al. (1993) to be ±30% due to
the relatively large beam size of about 12”, compared to the
average clump size of 6.5”, this also contributed to the large
FWHM line widths for this transition compared to the other
transitions of HCN and HCO+ for this group of clumps (see
column 7 of Table 2). The effect of the uncertainty can be
seen in the plot of peak brightness temperatures for clump
W in Fig. 6, where the contour for the lower peak brightness
temperature of 14.7K more closely approaches the average
intersection point for the other transitions than does the
average HCN(3-2) peak brightness temperature contour of
21K.
Fig. 5 for clump D panel (a) shows contours for three val-
ues of the [HCO+]/[HCN] abundance ratios, ZO+ = 0.4,
0.74 and 1.2, these variations in the [HCO+]/[HCN] emis-
sion and absorption ratios are attributable to greater abun-
dances of HCO+ in lower density regions both within the
CND and along the line of sight (Christopher et al. 2005).
Lowering the abundance ratio reduces the column density
per line width value. Again in modelling the second group
of HCN clumps, the mean HCO+ abundance value of 0.74
was used in all plots, in contrast to the value of 0.4 used
by Christopher et al. (2005) for regions in the CND with
relatively high HCN emission and low HCO+ emission.
The molecular hydrogen number density for the seven HCN
clumps varies from 1 to 2 ×106cm−3, which is an order of
magnitude lower than the value n(H2) of 10
7cm−3 reported
by Christopher et al. (2005) for HCN(1-0) optically thick
gas with τ = 4. Clumps D and M were also modelled us-
ing a gas temperature of 50K, which produced molecular
hydrogen densities for both of 4×106 cm−3, which agreed
closely with the Christopher et al. (2005) values for opti-
cally thin conditions. The brightness temperature value of
the HCN(3-2) transition contours in clumps D and O was
varied to account for the different dilution factor when us-
ing the clump sizes listed in Table 2 of Christopher et al.
(2005) instead of the average 0.25 pc size adopted for calcu-
lating the 0.2 dilution factor which was felt appropriate for
representing the size of all seven clumps. Fig. 5 shows that
the HCN(3-2) brightness contour shifts to the left as the
brightness temperature decreases, so that it forms a tighter
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Figure 5. A sample of output for clump D of the second group
with gas temperature of 150K. Panel (a) shows peak brightness
temperature contours for HCN (1-0), (3-2), (4-3) and HCO+ (1-
0). The arithmetic average of the species intersection points is
log(nH ) = 6.25, log(NMol/dV) = 13.3. Panel (b) shows the op-
tical depth contours for the HCN(1-0) and HCO+(1-0) tracers
are optically thin with inverted populations, while the HCN (3-2)
and (4-3) transitions are optically thick.
intersection area with the other HCN transitions, this re-
sults in slightly lower molecular hydrogen number and HCN
column per line width densities than the densities in Table
5.
Figure 6. As for Fig. 5 but for clump W. The ±30% uncertainty
in (3-2) peak brightness temperatures is shown with the dashed
contours in panel(a). CS(7-6) has also been plotted and is con-
sistent for the same physical conditions as HCN(4-3). Panel(b)
shows the CS(7-6) is optically thin in contrast with the HCN(4-
3) which is optically thick.
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7 DISCUSSION
Our LVG modelling shows that molecular hydrogen densi-
ties are about 106cm−3 and optical depths for the HCN(1-0)
transition are ≪ 1. These results are in marked contrast to
the conclusions of Marr et al. (1993) who argue convincingly
that an optical depth of 4 in HCN 1-0 leads to higher hy-
drogen number densities.
Given the errors in flux obtained from the source papers
are some 10 to 30% which combined with the systematic
errors arising from the calibration of the use of different
telescopes ensures that the derived densities could vary by
up to a factor of two, so that n(H2) could range from 0.5 to
1.5 × 106cm−3.
As a check on the derived physical conditions the CS(7-
6) Montero-Castan˜o et al. (2009) was modelled for Clump
F,which corresponds to Clump W for HCN(1-0). The CS(
7-6) emission defines the same physical conditions as the
HCN(4-3) for this clump while the CS(7-6) opacity is thin
(0.2) in contrast to an optically thick (2) for HCN(4-3) (see
Fig 6).
Marr et al. (1993) argued that if both H12CN and H13CN
occupy the same space, their emissions would have similar
beam filling factors and background emissions. Then given
equal excitation temperatures for the two species and optical
depths that preclude enhanced H12CN relative to H13CN
emission then the ratios of both intensities and opacities
would be equal to the 12C/13C abundance ratio, ZC .
T13
T12
=
(1− exp(−τ13))
(1− exp(−τ12))
=
τ13
τ12
for τ13/τ12 ≪ 1 (1)
where the brightness temperature, T =λ2 Iν/2k, Iν is the
line’s peak intensity and the subscripts 12 and 13 refer to
H12CN and H13CN respectively. In the limit of small opac-
ities for both species Eqn 1 becomes,
T12
T13
=
[H12CN]
[H13CN]
= ZC . (2)
They then argue that the observed H13CN emission is opti-
cally thin and so the H12CN emission is optically thick with
the H12CN opacity, τ(12), calculated as follows,
τ (12) = −Z ln [1− T (13)/T (12)] , (3)
This argument hinges on the the assumption that the
excitation temperatures of H12CN and H13CN are similar.
However, excitation temperature is very sensitive to the rel-
ative populations of the upper and lower states for weakly
inverted transitions. The ratio of population levels is given
by
n2
n1
=
g2
g1
exp
(
−
hν
kTex
)
, (4)
then
d ln(Tex)
d ln(n2/n1)
=
kTex
hν
=
Tex
4.25K
(5)
for the HCN(1-0) transition. When the absolute value of Tex
Figure 7. shows the dependence of excitation temperature for the
(1-0) transitions of H12CN & H13CN (1-0) on Hydrogen number
density at a column density of 1014.7. The vertical dashed line at
105.9 corresponds to the inferred density for clump A.
is large, as it may be for weakly or nearly inverted transi-
tions, small changes in the populations of the upper and
lower states can lead to large differences of excitation tem-
peratures.
Table 3 shows excitation temperatures for H12CN(1-0)
varying between −11 and −27.6K for the (1-0) transition
and from 5.23 to 19.6 K for H13CN. Thus small changes
in n2/n1 lead to large changes in Tex. By way of example
Fig. 7 shows the H12CN and H13CN excitation temperatures
for (logNHCN(1−0) = 14.7) depend on hydrogen density. The
H12CN and H13CN excitation temperatures are clearly dis-
parate when the lines are weakly or nearly inverted.
Marr et al. (1993) also argued that because HCN and
HCO+ have similar energy level structures and trace the
same gas in the CND the ratio of their abundances is equal
to the ratio of their opacities times the ratio of their Einstein
A coefficients.
[HCO+]
[H12CN]
=
[τHCO+)]
[τH12CN]
×
A21(H
12CN)
A21(HCO
+)
= 0.44×
[τHCO+]
[τH12CN]
.(6)
Using Eqn 6 and the optical depth values from
our model for τ HCO+ and τH12CN in Table 5.1, the
[HCO+]/[HCN] ratio ranges between 0.4-0.6.
Marr et al. (1993) summarised their results as
[HCO+]/[H12CN] ratio varying between 0.06-0.1, with
a [C12]/[C13] value of ZC = 30. These [HCO
+]/[H12CN]
values were significantly lower than the rates determined
from higher resolution observations as between 0.4 and
1.1 (Christopher et al. 2005). Our model used values
[HCO+]/[H12CN] = 0.74 and [H12CN]/[H13CN] = 11 and
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produced more consistent intersection points for the peak
brightness temperature contour plots of the respective
molecules than the abundance values adopted in papers by
Marr et al. (1993) and Christopher et al. (2005).
Our modelling produced molecular hydrogen densities from
0.13 and 0.63 ×106cm−3 for the first clump group and 1.0
and 2.0 ×106cm−3 for the second group at a gas temper-
ature of T = 150K. Modelling cooler gas, T = 50K, pro-
duced higher densities of 4 ×106cm−3, which is consistent
with cooler gas being denser but not as dense as proposed by
Christopher et al. (2005) who used three scenarios for pre-
dicting hydrogen density viz optically thin, virial and op-
tically thick (τ = 4) without LVG modelling. Our results
agree with the optically thin scenario which implies that
the clumps are tidally unstable.
Table 6 presents values for the [HCN]/[H2] ratio based on
hydrogen densities and HCN (1-0) column densities per unit
line width obtained from our LVG modelling. The HCN den-
sities were calculated by multiplying the HCN column densi-
ties per unit line by the appropriate FWHM line width,(dV),
and then dividing the resultant HCN column density by the
clump size. The [HCN]/[H2] abundance for the first group
was 4.1 ×10−9 and for the second group abundances ranged
from 0.2 and 1.2 ×10−9 which is comparable with 10−9 used
by Christopher et al. (2005). Clumps A and E of the first
group are the same as clumps D and O of the second group
with the higher abundance ratio for the first group resulting
from the smaller unresolved clump size 0.1pc compared to
the resolved clump sizes of 0.43 and 0.33pc for the second
clump group.
More detailed results can be found in Smith (2012).
8 CONCLUSIONS
Our paper selected two groups of clumps observed in mul-
tiple transitions of HCN and the(1-0) transition of HCO+
that coincided spatially and kinematically. The first group
had been selected by Marr et al. (1993) and our anal-
ysis is based on our remodelling of their observations.
We selected the second group from three separate sources
HCN 1-0 and HCO+ 1-0 from Christopher et al. (2005),
HCN 3-2 from Jackson et al. (1993) and HCN 4-3 from
Montero-Castan˜o et al. (2009).
Data from twenty-six HCN (1-0) clumps listed in
Christopher et al. (2005) provided the information for cal-
culating the true (deprojected) clump offsets from SgrA∗.
Eighteen of the twenty-six clumps fit within the accepted
range of disk parameters, while seven clumps have velocities
that are significantly different from the model disk. The de-
projection clearly shows the circular structure of the CND
with an inner cavity of radius ∼ 1.6 pc. The HCN(1-0) clump
line of sight velocities demonstrates the warped nature of
the disk’s rotating streams and that the rotational velocity
of some streams vary significantly from the accepted 110 km
s−1.
We found that n(H2) was ∼ 10
6 cm−3 and τ ∼ −0.1 in
HCN 1-0 consistent with dust emission and limits based on
Genzel et al. (2010). This contradicts the high densities and
optical depth τ ∼4 inferred by Christopher et al. (2005) and
Montero-Castan˜o et al. (2009). We show that τ ∼4 is based
on the assumption that Tex for H
12CN 1-0 and H13CN 1-0 is
the same and show that this is not the case for the conditions
in the CND, where the lines are weakly inverted.
A wider CND survey of the H13CN(1-0) transition might
clarify the optically thick/thin question and hence the hy-
drogen density value. An analysis of the NH3 (1-1), (2-2),
(3-3) and (6-6) transitions (Herrnstein & Ho 2002) would
also be useful to check hydrogen densities, particularly as
the (6-6) transition traces denser and hotter regions more
effectively than HCN. Such a study should be done in the
future to reinforce the results of this study.
A possible test of maser effects of negative optical depths in
the (1-0) transitions of HCN and HCO+ would be to search
for a bright (Tb ∼ 1000K) source of continuum emission
(such as a quasar or radio galaxy) aligned with one of the
disk’s clumps. A comparison of off HCN line frequency, on
line frequency of clump observations would then detect an
increase of 30 to 60% in the background intensity caused
from amplification by HCN(1-0) emission or up to 30% by
HCO+(1-0) emission as it passes through the clump.
Our results clearly favour the warm, low density scenario
with a CND mass of 3 to 4 × 105 M⊙ and tidal forces pulling
the clumps apart.
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Figure A1. Illustrates the CND’s defining parameters, the left
diagram shows the plane of the sky xy with the z axis as the
line of sight. xD , yD define the disk’s plane with zD the axis of
rotation, α is the angle between z and zD ; φ is the angle of the
disk’s major axis measured clockwise from East in the plane of
the sky xy and is the complement of the PA (which is measured
East of North). The right hand diagram shows the disk’s physical
dimensions: r0 is the mean radius of the ring; vφ is the rotational
velocity; vr is los velocity, ∆r is radial thickness with FWHM
thickness = r0
√
log4 = 1.18r0. The thickness perpendicular to
the plane of the ring and is assumed to be zero. Typical values for
these parameters are listed in Table A1. This figure and Table A1
are based on Fig. 9 and Tables 1 & 2 of Marshall et al. (1995).
APPENDIX A: DISK PARAMETERS
A1 Orientation
The direction of the disk’s major axis is usually specified
by its PA East of North, which in this study equates to the
complementary angle of φ, and its inclination to the plane
of the sky, α, as illustrated in Fig. A1. The disk’s axes are
designated as xD with the positive to the left of centre, yD
positive to the top of the figure and zD positive away form an
observer observer’s view along the axis of rotation. Common
values of the parameters are given in Table A1.
A2 Co-ordinate Transformation
Astronomical figures use a 3D axes convention where the
x is positive in the easterly direction, the y axis is positive
in the northerly direction and the line of sight (z) axis, is
positive in the direction away from the observer. The disk
co-ordinates have the subscript,D, to distinguish them from
the sky co-ordinates.
Rotation matrices can be used to transform plane of sky
to plane of disk co-ordinates where co-ordinates in this pa-
per are expressed as offsets from SgrA*. The process is per-
formed in two rotations, the first about the the line of sight
(oz) so that the new axes, x
′
and y
′
are at an angle φ to
the xy axes and align with the major and minor axes of the
projected disk and the second about the ox
′
axis by an an-
gle α to align a viewer’s line of sight with the disk’s axis
of rotation to produce a projection of the disk with true or
deprojected dimensions and clump offsets, xD and yD from
SgrA∗.
The first transformation is given by(
x′
y′
z′
)
=
(
cosφ sinφ 0
− sinφ cosφ 0
0 0 1
)(
x
y
z
)
. (A1)
This second transformation is given by(
xD
yD
zD
)
=
(
1 0 0
0 cosα − sinα
0 sinα cosα
)(
x′
y′
z′
)
. (A2)
The transformation from sky to disk co-ordinates is then
derived by substituting the matrices from Eqn. A1 into Eqn.
A2 to produce(
xD
yD
zD
)
=
(
cosφ sinφ sinφ 0
− sinφ cosα cosφ cosα − sinα
− sin φ sinα cos φ sinα cosα
)(
x
y
z
)
.(A3)
The inverse transformation of Eqn A3 is(
x
y
z
)
=
(
cos φ − sinφ cosα − sinφ sinα
sinφ cos φ cosα cosφ sinα
0 − sinα cosα
)(
xD
yD
zD
)
, (A4)
where xD and yD, x and y offset are offsets from SgrA
∗
and zD is the disk’s z co-ordinate which is aligned with its
axis of rotation.
A3 Line of Sight Velocity
A clump’s line of sight velocity along the line of sight ve-
locity is caused by the change in position of the clump in the
disk’s plane generating a change in the distance along the
line of sight in the sky. The position of a clump in the disk
is specified by its xD and yD co-ordinates. Evaluation of xD
is straightforward as it is only dependent on the projected x
and y co-ordinates. The yD co-ordinate is dependent on x,
y and z co-ordinate values (see Eqn. A4). The projected z
co-ordinate along the line of sight is not directly observable,
but can be expressed as a function of the projected x and
y co-ordinate values and yD calculated by assuming zD is
zero as there is no independent information available for this
quantity and it seems reasonable to adopt this assumption.
The ”line of sight“ velocity from the flat rotation model is
then obtained from the following expression:
vz =
dz
dt
= vφ cosφD sinα . (A5)
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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Table A1. CND’s Defining Parameters.
α φ vφ vr r0 vdisp
(deg) (deg) (km s−1) (km s−1) (km s−1)
Previous Estimates1 60-70 60-65 100-110 < 20 40-50 10-70
Larger Ring2 70 110 52 96 10
HCN3−2 3 59 64 76 -12 38 47
HCN4−3 3 60 65 72 -13 44 40
HCN3−2 4 70±5 ∼ 65 110±5 < 19 39-52
[1] based on Harris et al. (1985); Guesten et al. (1987); Sutton et al. (1990); Jackson et al. (1993)
[2] HI absorption,Liszt et al. (1985)
[3] Marshall et al. (1995)
[4] Jackson et al. (1993)
c© 2012 RAS, MNRAS 000, 1–16
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Table 3: Properties of Group 1 Clumps identified by Marr et al (1993)
Clump Gas Hydrogena Average Log Excitation Temperature Tex Optical Depth τ Peak Brightness Temp Tb
Temp Density Col Density H12CN H13CN HCO+ HCN H12CN H13CN HCO+ HCN H12CN H13CN HCO+ HCN
Tk n(H2) per line 1-0 1-0 1-0 3-2 1-0 1-0 1-0 3-2 1-0 1-0 1-0 3-2
K 106× cm−3 cm−2kms−1 K K K K K K K K
A 150 0.889 14.1 -48.3 -30.4 -21.8 28.0 -0.50 -0.30 -0.90 5.0 39.0 9.0 37.0 47.0
A 250 0.500 14.1 -16.5 -37.8 -15.0 57.6 -1.3 -0.3 -0.9 3.6 39.0 9.0 37.0 47.0
B 150 0.792 13.6 -25.4 11.0 -17.2 -0.1 -0.1 -1.1 21.0 5.6 14.5
C 150 0.500 13.50 -32.3 -16.7 21.9 -0.30 -0.1 -0.50 3.6 16.0 7.0 16.0 13.5
D 150 0.500 13.45 -30.3 9.5 16.8 -0.05 -0.1 -0.8 5.0 15.0 3.5 5.0 10.5
E 150 0.500 13.45 -15.2 46.6 -19.2 23.7 -0.25 -0.1 -0.5 3.0 13.6 2.0 6.3 14.3
a molecular hydrogen density, nH2 , calculated as 0.5 hydrogen number density, n(H)
Table 4: Group 1 Clump A Parameters at the Intersection of the H12CN and H13CN Brightness Contours
Clump Tracer Temp Hydrogena Log Column Column Tex τ Tb Escape Level Tb(H12CN) τ(H12CN)
Density Density Density Prob’lty Populations /Tb(H13CN)
(n(H2) (NMol) β Upper Lower
K 106× cm−3 cm−2kms−1 ×1015cm−2 x(u) x(l)
Ab H12CN1−0 150 0.397 14.25 8.89 14.0 0.1 41.4 1.0 0.31 0.07 3.73 3.43
A H13CN1−0 150 0.397 13.21 0.81
c -30.4 -0.3 11.1 1.0 0.54 0.33
A H12CN1−0 250 0.250 14.25 8.89 14.0 0.1 41.7 0.89 0.201 0.07 4.13 3.05
A H13CN1−0 250 0.250 13.21 0.81 -32.8 -0.3 10.1 1.0 0.34 0.11
a molecular hydrogen density, nH2 , calculated as 0.5 hydrogen number density, n(H)
b see Fig. 4
c Nmol H13CN is derived by dividing Nmol H12CN by 11
arXiv:1310.8429v1  [astro-ph.GA]  31 Oct 2013
Table 5: Group 2 HCN Clump Properties.
Group 2 Kinetic Average Log Hydrogen Tex K Optical Depth τ Peak Brightness Temp Tb K
Clumps Temp Col Density Density HCN HCN HCN HCO+ HCN HCN HCN HCO+ HCN HCN HCN HCO+
per line n(H2) 1-0 (3-2) (4-3) (1-0) (1-0) (3-2) (4-3) (1-0) (1-0) (3-2) (4-3) (1-0)
(K) (cm−2/km s−1) (106×cm−3) (K) (K) (K) (K) (K) K (K) (K)
D 150 13.3 1.26 -21.9 44.0 13.1 -23.0 -0.30 1.11 1.06 -0.15 8.9 25.30 4.14 4.18
D 50 13.4 3.97 -353.0 38.7 13.2 749.0 -0.04 1.25 1.45 0.01 8.45 23.2 4.9 4.49
I 150 13.2 0.79 -15.8 28.6 11.8 -29.20 -0.33 1.29 1.66 -0.21 7.43 16.3 4.14 3.51
M 150 13.6 1.58 -21.7 45.7 21.8 -28.7 -0.52 1.94 2.57 -0.08 17.4 32.8 12.3 2.78
M 50 13.7 3.97 336.0 38.1 18.9 88.5 0.04 2.70 3.50 0.07 14.2 29.7 11.3 5.67
O 150 13.5 1.26 -18.5 36.1 18.2 -28.7 -0.52 1.96 2.30 -0.09 15.0 25.8 9.8 2.89
P 150 13.5 1.0 -18.6 35.8 16.8 -34.2 -0.53 1.93 2.23 -0.27 15.4 25.3 8.9 11.6
W 150 13.2 1.0 -17.2 19.4 14.2 -13.4 -0.24 1.80 0.95 -0.29 6.14 11.0 4.46 5.55
Z 150 13.1 1.58 -14.8 31.0 17.6 -21.9 -0.25 0.9 1.0 -0.1 5.1 14.6 6.5 3.1
